Decoherence caused by the hyperfine interaction with nuclear spins is known to be the main obstacle on the way to realization of quantum computation using single electron spins [1-3], which led to proposals to use valence band holes having a weaker hyperfine coupling [4] [5] [6] [7] [8] [9] . Although the hole hyperfine interaction has been addressed recently both theoretically [10, 11] and experimentally [12-14], full understanding of the the underlying physics is still lacking. Here we report on experimental measurements of the hole hyperfine interaction strength in three different material systems: unstrained GaAs/AlGaAs quantum dots (QDs), and selfassembled InGaAs/GaAs and InP/GaInP QDs. In contrast to previous studies we use resonant radio frequency (rf) excitation to achieve selective measurement of the hole hyperfine constant for individual isotopes. This allows to avoid the ambiguity of previous measurements relying on detection of the total Overhauser shifts including contributions of all isotopes. We find that the hole hyperfine constant (normalized by the electron hyperfine constant) changes sign for different isotopes and ranges from -15% for indium to +15% for arsenic, revealing strong anisotropy of the dipoledipole hyperfine interaction. Moreover, the hole hyperfine constant varies for the same isotope in different materials opening the way for better understanding and possible optimization of the hyperfine interaction for applications using single hole spins.
In this work we address this problem experimentally. We perform direct measurements of the hole hyperfine constants by independently detecting electron and hole hyperfine shifts. This is achieved by using high resolution photoluminescence (PL) spectroscopy of optically forbidden ("dark") exciton states in single neutral quantum dots [14] . In contrast to previous work, where similar techniques were used [14] , we now also apply radio-frequency (rf) excitation, which allows selective saturation of nuclear polarization of different isotopes. This opens the way to isotope-sensitive probing of the valence band hole hyperfine interaction, revealing that in all studied materials group III isotopes (gallium, indium) have negative hole hyperfine constant, while it is positive for group V arsenic.
Our experiments were performed on undoped GaAs/AlGaAs [16] and InGaAs/GaAs QD samples without electric gates. PL of neutral QDs was measured at T = 4.2 K, in external magnetic field B z normal to the sample surface. QD PL was analyzed with a 1 m double spectrometer and a CCD.
In a neutral dot electrons ↑(↓) with spin s e z = ±1/2 and heavy holes ⇑(⇓) with momentum j h z = ±3/2 parallel (antiparallel) to the growth axis Oz can form either optically-forbidden ("dark") excitons |⇑↑ (|⇓↓ ) with the spin projection J z = +2(−2), or "bright" excitons |⇑↓ (|⇓↑ ) with J z = +1(−1) optically allowed in σ + (σ − ) polarization. QD axis misorientation or symmetry reduction leads to weak mixing of "bright" and "dark" states: as a result the latter are observed in PL [17, 18] .
Non-zero average nuclear spin polarization I z along the Oz axis acts as an additional magnetic field on the electron and hole spins. It is convenient to introduce the hole pseudospin S h z = ±1/2 corresponding to the ⇑(⇓) heavy hole state. Coupling of the electron to the nuclear spin of isotope i is described by the hyperfine constant A i , whereas for the heavy hole the dipole-dipole interaction with I z [10, 11] is described using a constant C i expressed in terms of the normalized heavy-hole hyperfine constant γ i as C i = γ i A i . The expression for the exciton energy taking into account the shift due to non-zero average nuclear spin polarization can be written as: ergy [17] do not depend on nuclear polarization. The summation goes over all isotopes i contributing to the Overhauser shift. The relative concentration of each isotope is given by ρ i . We note that in Eq. 1 we neglect any possible variation of average nuclear spin polarization within the volume of the QD. Also we neglect any difference of isotope concentrations within the electron and hole localization volumes.
Since mixing of the "dark" and "bright" excitonic states is weak, the oscillator strength of the "dark" states is small, leading to their saturation at relatively low laser powers. As a result, all four exciton states can be observed in PL only at low excitation power. However, at this low power, optically induced nuclear spin polarization is small and weakly depends on polarization of photoexcitation [18] , and thus the shifts of the hole spin states due to the interaction with the nuclei cannot be measured accurately. To avoid this problem, we use pump-probe techniques [19] . The experi-ment cycle shown in Fig. 1 (e) is similar to that used in our previous work [14] : nuclear spin polarization is prepared with a long (6 s) high power pump pulse. Following this, the sample is excited with a low power probe pulse, during which the PL spectrum of both bright and dark excitons is measured. However, in contrast to previous work, we now add an rf pulse between the pump and probe pulses. This pulse is formed by an oscillating magnetic field perpendicular to Oz at a frequency tuned to erase transitions between nuclear spin states of a chosen isotope (isotopes).
The direct and simultaneous measurement of the hole and electron energy shifts due to the hyperfine interaction is carried out by detecting the probe spectra recorded at different magnitudes of I i z prepared by the pump. Typical probe spectra of GaAs and InGaAs QDs are shown in Figs. 1 (a) and (b) respectively. If the rf pulse contains frequency components resonant only with isotope k, then the exciton energies
detected by the probe pulse will be given by Eq. 1 with the sum going only over the isotopes for which i = k. We also perform an experiment with no rf pulse which gives exciton energies E[S h z , s e z ] corresponding to initial polarization. Calculating the difference of the exciton splittings for experiments with and without rf pulse allows to extract the electron and hole hyperfine shifts for the k-th isotope. For example, according to Eq. 1, the experimentally measured quantity ∆E
gives the magnitude of the electron hyperfine shift
induced only by nuclei depolarized by the rf pulse (and thus corresponding to isotope k polarization), whereas the hole hyperfine shift
. From Eq. 1 we find that when nuclear spin polarization is varied, ∆E k hf,h and ∆E k hf,e (expressed via the experimentally measured exciton energies) depend linearly on each other with the proportionality constant given by the hole hyperfine constant γ k . We start with the analysis of the results for GaAs/AlGaAs interface fluctuation quantum dots. Optically detected nuclear magnetic resonance (ODNMR) is well studied for GaAs/AlGaAs QDs [16, 20] . A typical NMR spectrum at B z ≈ 8 T is shown in Fig. 1 (c) . Resonances corresponding to all three isotopes ( 75 As, 69 Ga, 71 Ga) are clearly observed. We find no contribution from 27 Al isotope of the quantum well barrier and estimate that contribution of this isotope into the total Overhauser shift is less then 3% and can be neglected.
In order to measure the hole hyperfine interaction with 75 As, we perform experiments with the rf pulse of a rectangular shaped spectral band 600 kHz wide with the central frequency corresponding to the NMR resonance frequency of 75 As. Inside the band, the rf signal has a constant spectral power density (a white noise type), with the power density outside the bands ∼ 1000 smaller than inside the band. Application of such a pulse results in complete depolarization of arsenic spins, whereas the gallium polarization remains unaffected. The dependence of ∆E k hf,h on ∆E k hf,e for k = 75 As is shown in Fig. 2 (a) with squares for QD A1.
Since Fig. 2 (a) with circles. It can be seen that dependencies for both Ga and As follow linear pattern predicted by Eq. 1. Fitting gives the following values for the hole hyperfine constants γ Ga = −7.0 ± 4.0% and γ As = +15.0 ± 4.5%. Similar measurements were performed on 3 other GaAs QDs. The resulting values are given in Table  I . Since variation between different dots is within the experimental error, we take average values for all dots yielding γ Ga = −7.5 ± 2.0% and γ As = +16.0 ± 2.5%. We thus conclude that different isotopes have opposite signs of the hole hyperfine constants: it is positive for arsenic and negative for gallium. This is in contrast to previous reports [13, 14] where negative values of γ for InP and InGaAs QDs have been derived.
We have also performed isotope-sensitive measurements of the hole nuclear interaction in InGaAs/GaAs QDs. However, these QDs have a more complicated nuclear spin system. This is due to significant lattice mismatch resulting in strain-induced quadrupolar shifts [21] . Quadrupolar effects shift NMR frequencies causing significant broadening of the resonance [15] . The magnitudes of these shifts for typical values of strain ∼0.02 % can be estimated [22] using the known values of the tensor relating electric field gradient and elastic strain [23] : ∆f ( 75 As) ∼ 3 MHz, ∆f ( 115 In) ∼ 5 MHz, ∆f ( 69 Ga) ∼ 1.5 MHz, ∆f ( 71 Ga) ∼ 1 MHz. This frequency shift can vary strongly within the QD volume, therefore in order to erase nuclear polarization, broadband rf excitation must be used. At B z = 8 T we used three different bands of rf excitation shown in Fig. 1 (d) . Bands X and Z are used to erase selectively polarization of 75 As and 71 Ga: the widths of these bands are chosen to be several times the quadrupolar broadening ∆f of the targeted isotope while leaving the other isotopes unaffected. However, the frequencies of 115 In and 69 Ga are too close for these isotopes to be addressed individually ( Fig. 1 (d) ). For that reason, we use rf excitation with the broad band Y, which erases polarization of both isotopes [24] .
The dependencies of ∆E k hf,h on ∆E k hf,e for InGaAs QD B1 are shown in Fig. 2 (b) for 71 Ga (circles, using rf band Z) and 75 As (squares, rf band X). As in GaAs, we find that arsenic has a positive hole hyperfine constant while gallium has a negative one. We also measured ∆E 
) measured after erasing nuclear polarization corresponding to the kth isotope by the rf pulse. In the same way, the hole hyperfine shift is measured as ∆E
Solid lines show fitting, their slopes are given by the corresponding relative hole-nuclear hyperfine constants γ k . We find γ Ga ≈ −7.0%, with rf band Y depolarizing both 115 In and 69 Ga nuclei. This is shown with triangles in Fig.  2 (b) . It can be seen that the experimental dependency for Fitting using Eq. 1 gives the following values for the hyperfine constants γ Ga = −6.5±5.5% and γ As = +10.5± 2.0%. Similar measurements were performed on 3 other InGaAs QDs. The resulting values are given in Table I . Since the variation between different dots is within the experimental error, we take average values for all dots yielding γ Ga = −5.0 ± 3.0% and γ As = +9.0 ± 1.0%. The hyperfine constant of indium can also be estimated from the experimental results. This requires an additional assumption that both gallium isotopes have the same degrees of spin polarization I 69 Ga z = I 71 Ga z as a result of nuclear spin pumping. Such assumption is justified by the fact that both isotopes have the same spin I = 3/2 and both become polarized due to the hyperfine interaction with the optically polarized electrons. We can now compare these results with previous reports [12] [13] [14] . In our previous work, [14] we used InP/GaInP QDs. Using the rf-induced depolarization techniques reported here for InGaAs QDs we found that the contribution of gallium and phosphorus isotopes into the Overhauser shift is small compared to the contribution of indium (less than 10%). Therefore, the value γ = −10.5 ± 1.0% reported previously corresponds to the indium hole hyperfine constant γ
In in InP. On the other hand, Fallahi et al [13] reported negative γ = −9.0 ± 2.0% for InGaAs QDs (average for all isotopes). For InGaAs QDs studied in this work we find a much smaller average hyperfine constant (measured without isotopic sensitivity) γ ≈ −2.0%. This can be explained if we take into account that InGaAs QDs used in this work have large abundance of gallium with smaller absolute value of γ compared to indium. This is revealed by the short PL wavelength (∼915 nm) in our sample compared to the longer wavelengths (∼950 nm) reported by Fallahi et al. [13] As a result, the negative average hole hyperfine interaction found in Ref. [13] can be explained by a significant contribution of indium, dominating due to its large magnetic moment ∼3.5 times greater than that for arsenic which has a positive hyperfine constant.
The hyperfine interaction of the valence band holes has been considered in several theoretical papers [10, 11, 25] . The hyperfine interaction of the conduction band electrons has a contact (Fermi) form and therefore depends only on the electron wavefunction density at the nucleus site [15] . By contrast for the valence band holes, the hyperfine coupling is dominated by the dipole-dipole interaction. As a result, calculations of the hole hyperfine constants measured in this work requires averaging over the spatial coordinates using an explicit expression for the Bloch wavefunctions, which are not known. One approach is to use the spherical approximation taking p-type atomic orbitals to approximate the real Bloch wavefunctions [11, 25] . The hole hyperfine constants γ calculated in this way have the same signs for all isotopes in contradiction with our experimental observations. The exact reason for this discrepancy is not yet fully understood. A possible explanation is that the real Bloch wavefunction with the symmetry imposed by the crystal symmetry deviates strongly from the spherical approximation resulting in variation of γ, including the sign reversal, for the isotopes with the opposite charges.
In conclusion, we have employed optical spectroscopy of single quantum dots to measure hole hyperfine constants γ for individual isotopes in tree types of III-V semiconductor quantum dots. Strong variation of γ for different isotopes and for different material systems has been found. This opens the way for improved modeling of microscopic wavefunctions and deeper insight into fundamental properties of semiconductors on the atomic scale. Better understanding of these properties will allow to engineer materials with the valence band hyperfine interaction optimized for future applications requiring highly coherent hole spins.
